We investigated the Phase Change Memory (PCM) capabilities of In-doped Sb nanowires (NWs) with diameters of (20-40) nm, which were self-assembled by Metalorganic Chemical Vapor Deposition (MOCVD) via the vaporliquid-solid (VLS) mechanism. The PCM behavior of the NWs was proved, and it was shown to have relatively low reset power consumption (~400 μW) and fast switching capabilities with respect to standard Ge-Sb-Te based devices. In particular, reversible set and reset switches by voltage pulses as short as 25 ns were demonstrated. The obtained results are useful for understanding the effects of downscaling in PCM devices and for the exploration of innovative PCM architectures and materials.
Introduction
Phase Change Memory (PCM) technology is thought to be one of the most suitable candidates for the realization of the next generation high-density and high-performance non-volatile memory products [1] , including those based on the recently proposed cross point architecture [2, 3] . The crystallization speed, which closely relates to the device operation rate, plays a central role in the search for new PCM materials [4] . While the reference alloy for PCM is still Ge 2 Sb 2 Te 5 , which belongs to the class of nucleation-dominated crystallization materials, other alloys with growth-dominated crystallization mechanism are being considered as fast-switching materials. Sb-based and Te-free phasechange materials, such as Ga-Sb, Ge-Sb and In-Sb, have been so far investigated primarily for optical devices (i.e. rewritable CDs), and have shown high crystallization speed and adequate amorphous phase stability [5] [6] [7] [8] [9] . The speed and thermal stability of In-Sb and doped In-Sb alloys have also been investigated in solid state thin film-based PCM devices [10, 11] . However, the properties of In-Sb alloys in nanoscaled devices have not been studied, yet.
In the case of the PCM technology, downscaling can provide, in addition to higher storage density, a reduction of operation currents and power consumption. In this context, PCM nanowires (NWs) represent one of the ultimate examples of downscaling, featuring diameters down to few tens of nanometers and very high aspect ratios [12] . Both the reduction of the active volume and the self-heating mechanism are expected to produce a reduction of the switching currents and powers [13] . Such improvements have indeed been observed for NWs of Ge 2 Sb 2 Te 5 [14] , GeTe [15] , Sb 2 Te 3 [16] and In 3 Sb 1 Te 2 alloys [17] . We previously reported on the growth of NWs of the ternary In-Sb-Te system by Metalorganic Chemical Vapor Deposition (MOCVD), coupled to the Vapor-Liquid-Solid mechanism (VLS) [18] , which were used to make NWs-based PCM devices by the aid of an Electron Beam Lithography (EBL) process [19] .
In this work, we used the same process to fabricate In-doped Sb NWs-based PCM devices. We then investigated them in terms of their PCM functionality and verified their low power and fast switching capabilities, both for set (low resistance state) and reset (high resistance state) operations.
Experimental
The self-assembly of the NWs was performed with an Aixtron AIX 200/4 MOCVD reactor, exploiting the VLS mechanism induced by Au the total gas flow was 4.5 L/min. The MOCVD reactor temperature and pressure were 325°C and 300 mbar, respectively, while the growth time was 180 min. The morphology, microstructure and composition of the NWs were characterized by Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), High Resolution Transmission Electron Microscopy (HRTEM) and Energy Dispersive X-Ray (EDX) microanalysis. For the electrical characterization, the NWs were transferred onto insulating substrates and the two-terminal devices fabrication was completed by Electron Beam Lithography (EBL), evaporation of a Ni (20 nm)/Au (100 nm) stack and lift-off. The electrical measurements were performed by the Transmission Line Pulse (TLP) technique using a HPPI® system [21] . In particular, the electrical measurement set-up consisted of a 50 Ω high voltage pulse generator, a high speed digital oscilloscope and a Source Meter Unit (SMU). The pulse amplitudes and durations of the set and reset operations were assessed by direct measurement at the fabricated devices by the four-point Kelvin method. The read operation of the device state was performed by direct current (d.c.) measurements at 0.02 V after each pulse, using the switch configuration with the SMU. Fig. 1(a) shows an SEM image of the NWs grown on the Si (111) substrate. They have lengths in the range of (2-4) μm and diameters in the range of (20-40) nm, apart from a thicker base. Large area XRD on one of such as-grown samples is presented in Fig. 1(b) . The data were simulated by Rietveld refinement by using the Sb rhombohedral structure and randomly oriented diffracting grains (Supplementary Information S1). The simulation of the diffracting maxima at low angle allowed us to extract the lattice parameters of the NWs. The obtained values are a = 4.40 Å and c = 11.19 Å, which correspond to a slightly higher cell volume than the one reported in the database (see Supplementary Information S1). Moreover, the different intensity of the low angle diffracting maxima, as compared to the powder pattern (red line in Fig. 1(b) ) suggests that the NWs exhibit a preferential orientation.
Results and discussion
The microstructure and composition of single NWs were measured by HRTEM and EDX. The EDX analysis (Supplementary Information S2), showed that Te is confined within the thick base portion of the NWs, while the NWs shaft is made of Sb and In, with a concentration of In that varies from 5 at. % near the NWs bottom, up to 15 at. % near the top. The atomic arrangement of one NW shaft is visible in the HRTEM images of Fig. 1(c) and (d). The corresponding FFT pattern, reported in Fig. 1(e) , is consistent with the [001] projection of the rhombohedral structure of metallic Sb [22] . Consistently with the XRD analysis, the HRTEM measured cell parameter (a = 4.4 Å) is slightly larger than the one reported in the literature for metallic Sb (a = 4.31 Å). As indicated by the EDX measurements, this is most likely due to the [6, 10, 11] . Therefore, the thermal stability (i.e. the retention time of the amorphous state) of our In-doped Sb NWs should be comparable to that of Ge 2 Sb 2 Te 5 NWs. A possible reason of the graded content of In in the NW could be linked to a size dependence of the VLS process: the composition of VLS-grown NWs can show a diameter dependence, as observed for instance in Si-Ge NWs [23] . In the present case, and as often observed in VLS growth, a change of diameter is indeed observed during the growth, with the NWs being slightly tapered from bottom to top (Supplementary Information S2) . Last, the NW surface was investigated by HRTEM (not shown here) and no oxide layer was detected.
In Fig. 2(a) the SEM image of one harvested NW, after transfer on the measurement substrate and Ni/Au contact fabrication, is displayed. The typical gap between the contacts was (0.5-2.0) μm. Noteworthy, the Te-rich base of the NWs is either cut off during the transfer process or remains buried below the contacts and relatively far from the gapped region. Only the In-doped Sb shaft portion of the NWs was therefore effectively measured in the electrical characterization.
The as-fabricated devices initially showed high resistance values. The reason for this is not clear. Given that the as-grown NWs are crystalline, as shown by the XRD and TEM analysis, the initial high resistance of the devices could be due to the presence of a high contact resistance at the NW-Ni/Au interface. Another possibility is that the as-grown NWs have some defected regions or that such defects are created during the transfer of the NWs from the growth substrates onto the measuring substrates. A few positive and negative I-V scans (for about −3 to +3 V) were performed, during which the resistance of the devices were brought to values of a few tens of ohms. These initial scans could induce the reduction of the contact resistance at the NW-Ni/Au interface or an annealing of the defected regions in the NWs. The devices were then ready for testing their PCM properties.
The memory behavior of the fabricated devices is demonstrated by the presence two distinct states below the threshold voltage (V th ): an amorphous (high resistance, reset) and a crystalline (low resistance, set) states. Fig. 2(b) shows the I-V characteristic of a metal-contacted NW device, starting from a reset state of~0.5 MΩ (which was enforced by the application of a 25 ns long, 3 V wide voltage pulse, as it will be explained in the following). As it can be seen in the I-V curve, the device switches to a low resistance state (set state) of 19 kΩ, once the voltage across the NW reaches a threshold (V th ) value of~250 mV. On the contrary, the low resistance state shows a linear I-V dependence and is stable at all voltages.
These are all characteristic features of a non-volatile PCM behavior [25] . As for thin film-based devices, the PCM behavior of NWs can be explained in terms of a reversible phase transition of the active material between crystallization and melt-quench amorphization. The set state of our devices clearly shows the linear I-V characteristics expected for the crystalline state of the metallic material. On the other hand, the I-V characteristics of the reset state in the subthreshold regime (V b V th ) of our NWs are consistent with the existing models for traplimited conduction in the amorphous state of chalcogenides [26] . In fact, the I-V curves of the NWs in the reset state for V b V th can be fitted by Eq. (1) [26] :
where u a is the value of the length of the amorphized region of the NW, Δz is the average distance between the traps, q is the elementary charge, E F is the Fermi level, E C is the conduction band level, A is the cross section of the NW, N T,tot is the integral of the trap distribution in the gap above the Fermi level, τ 0 is the characteristic attempt-to-escape time for the trapped electron, k is the Boltzmann constant and T is the temperature. The data fitting by Eq. (1) of the measured subthreshold I-V characteristic of an In-doped Sb NW in the reset state is reported in Fig. 3 .
As it can be seen in Fig. 3 , the I-V curve is well fitted by Eq. (1). From the fit of different NWs in different reset states, the extracted values of u a vary from 5 to 70 nm (assuming a value of 5 nm for Δz [26] ).
The fast switching capabilities of the NWs were proved by performing set and reset operations by extremely short voltage pulses: pulses as short as 25 ns, as measured directly on the device, were sufficient to induce both set and reset (Fig. 4) . This pulse duration value ranks among the lowest observed in solid state NW-based PCM devices. In particular, the set pulse duration of the presently investigated NWs is much smaller than that reported for GeTe, Ge 2 Sb 2 Te 5 [27] and In 3 Sb 1 Te 2 [17] NWs. It should also be noticed that 25 ns is the shortest pulse width we could generate reliably with our system; hence the set and reset processes might be even faster than what we could measure. Also, as the time required for reset is usually smaller than that for set, it is envisaged than the reset time of the presently investigated NWs should indeed be smaller than 25 ns. The voltage amplitude needed for both pulsed set and pulsed reset operations were studied by measuring (at a low enough voltage, 0.02 V, so as not to change the device state) the resistance of the NWs after the application of pulses of increasing voltage amplitude. The resistance of an In-doped Sb NW as a function of the voltage pulse amplitude (i.e. the programing curve) is reported in Fig. 4(a) .
The programming curve of Fig. 4(a) shows the typical shape observed in thin film-based Ge 2 Sb 2 Te 5 [25] and NW-based Ge 2 Sb 2 Te 5 [14] and GeTe [28] PCM devices: as the pulse amplitude is increased, the initial high resistance state of the device changes to the lowresistance state for pulses of about 1 V, remains stable for voltages in the range of (1.2-2.7) V and increases to the high-resistance state for larger amplitudes. Based on the programming curve, a mini-cycling test of the same device was performed using voltage pulses of 25 ns duration and of 1.5 and 2.9 V amplitude for the set and reset operation, respectively. In should be stressed here that the studied NWs were not coated by a protective layer during the electrical measurements, which resulted in a limited number of cycles, before the device failed, likely as a consequence of evaporation during the reset operation. One of such cycling tests, reported in Fig. 4(b) , clearly shows two distinct memory states, with a resistance gap of more than one order of magnitude, demonstrating the device capability to achieve both set and reset operations with voltage amplitudes typically employed in PCM, while well satisfying the desired performance of high-speed operation. The In-doped Sb NW-based PCM devices also showed promising characteristics in terms of the current and power required for reset, which is typically the most demanding operation in PCM. For the switching cycle test of Fig. 4(b) , the average reset current, as converted from the reset voltage and the set state resistance, was~140 μA, corresponding to a reset power of 400 μW and to a reset energy of 10 pJ. These values of reset current and power are larger than those observed in In 3 Sb 1 Te 2 NWs with similar diameters (40 μA and 130 μW for the reset current and power, respectively) [19] and smaller than those reported for 30 nm Ge 2 Sb 2 Te 5 (150 μA,~630 μW) and GeTe (430 μA,~1500 μW) NWs [27] . They are also comparable to the performances of the most advanced PCM devices, where many lithographic steps are required for implementing rather complex architectures (including the realization of crucially important heater and top electrodes) [2, 30] . While the integration of bottom-up grown NWs into PCM products remains a technological challenge, these results are yet another confirmation of the beneficial effect of these 1-dimensional nanostructures on the capabilities of PCM devices.
Conclusions
In summary, the functional analysis of In-doped Sb NW-based PCM devices gave promising results in terms of power consumption and, in particular, of operational speed, in comparison to the usually employed Ge-Sb-Te alloys for PCM. These findings advance the understanding of Sb-based PCM alloys and of the effects of downscaling to 1-dimensional geometries on the PCM functioning mechanisms. They also contribute to the implementation of innovative nanostructures into the next generation of highly dense and highly performing PCM devices. 
